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Water is an essential material on Earth, exhibiting a number of anomalous physical properties in bulk states and under confinement [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Confined water can be almost free [11] , without hydrogen bonds (HB), and display significant quantum behavior. Inelastic neutron scattering (INS) studies have demonstrated that in fullerenes such water exhibits quantum transitions between the para-and ortho-states [12, 13] , and it has been suggested that quantum tunneling of water explains the fine structure of the optical spectra of beryl [14] [15] . INS provides a unique method to study the vibrational and quantum tunneling dynamics of hydrogencontaining materials because of the anomalously large incoherent neutron scattering crosssection of protium (H-1). However, while INS studies have demonstrated hydrogen quantum tunneling in a number of systems, such as atomic hydrogen in metals [17] , and rotational tunneling of methyl and ammonia groups [18] , such behavior has not yet been demonstrated for water. Our recent INS studies of beryl using high incident neutron energies [19, 20] have shown that the effective potential for water across the channel is very shallow. The corresponding INS spectrum is similar to the neutron recoil scattering of free protons, and energies of the observed intramolecular bending and stretching modes of water (197.5 and 465 meV, respectively) are consistent with a lack of hydrogen bonding.
This study considered the dynamics of water in low-alkali beryl single crystals (~0.1 wt.% of Na, see Supplemental Material [21] ). The structure of beryl (Be 3 Al 2 Si 6 O 18 , space group P6/mcc) contains six-membered rings of SiO 4 tetrahedra with open channels along the c-axis [22] (Fig. 1(c) ). The channels form narrow (~2.8 Å) "bottlenecks" separating larger cavities 5.1 Å in diameter, which may contain alkali cations and water. Taking into account that the absence of the hydrogen bonding requires the water proton to cage-oxygen distance to be greater than 2.3 Å, the beryl cavity size is large enough to accommodate one non-hydrogen bonded water molecule, with no more free space available. In alkali-poor beryl the water dipole moment is in the ab-plane perpendicular to the channels, and water protons are distributed in 6×2 equivalent positions across the channel, above and below the oxygen site. Figure 1 (a,b) shows the dynamical structure factor S(Q,E) of water in beryl for two orientations, Q||c-axis and Q⊥c-axis, measured with incident neutron energies of E i = 25 meV at the SEQUOIA and E i = 3 meV at the CNCS spectrometers at the Spallation Neutron Source, Oak Ridge National Laboratory. The INS spectra exhibit three isotropic peaks at energies E = 0.66, 1.49 and 1.63 meV, four peaks at 0.27, 8.4, 12.7 and 14.7 meV for Q⊥c-axis, and a peak at ~11 meV for Q||c-axis. Further measurements with higher energy resolution (E i = 10 and 12 meV) showed that the peak at 8.4 meV is split into two with energies of 7.9 and 8.4 meV (see Supplemental Material Fig. S1 [21] ).
The temperature dependence of the integrated intensities of these peaks clearly indicates their tunneling origin (with exception of the peak at 11 meV, which is due to translational vibrations). Instead of growing with increasing temperature, as required for vibrational motions obeying Bose statistics, all peaks except that at 11 meV decrease in intensity in the neutron energy loss part of the spectra (E>0 meV). This is characteristic of systems exhibiting quantum tunneling. The integrated intensities of the peaks with similar temperature dependencies I(T), (except the peak at E = 0.27 meV) can be described by transitions of water protons from the lowest to higher split ground states (Fit-1 in Fig. 1(d) ), which follow the expression:
where the E i 's are the energies of N split ground states relative to the lowest ground state. The peak at 0.27 meV has the same qualitative T and Q dependence as the other peaks, but its temperature dependence does not fall on the same trend as the other seven peaks, and its origin is unknown. The use of all eight peaks in the Eq. (1), however, fails to describe the experimental data (Fit-2 in Fig. 1(d) ). By contrast, the strong peak at 11 meV can be assigned to translational vibrations of water along the c-axis (the librational modes should be more intense for Q⊥c-axis). The intensity of the 11 meV peak first increases as the temperature is raised to 130 K, obeying the Bose population factor , 1 / 1 ⁄ , then decreases due to the Debye-Waller factor. This dependence can be described ( Fig. 1(d 
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, where H u is a vector of water proton displacement due to all vibrational modes. 
Q⊥c
For a particle jumping over six positions on a circle of radius d, the inelastic incoherent structure factor (IISF) can be expressed as [23] ∑ ∑ 2 cos .
This function is illustrated in the Supplemental Material Fig. S3 [21] . It strongly increases in the range of Q probed in these INS studies (Q < 4 Å -1 ), as was observed in our experiments (see inset in Fig. 1(a) , and Supplemental Material Fig. S2 and S3 [21] ). While the observed temperature dependences could be due to magnetic impurities in the beryl and corresponding splitting of the ground state due to crystal field effects, the intensities of such peaks would have to obey the magnetic form factor of the impurity atoms, implying that the peak intensities must decrease with increasing Q. No such behavior is observed in our data.
The seven peaks observed in the INS spectra, therefore, have both the characteristic temperature and momentum transfer dependence of quantum tunneling, and can be assigned to transitions from lower to higher levels of the ground state of water protons, which is split due to water tunneling between the 6-fold equivalent positions within the beryl channel. While optical spectroscopic studies of synthetic beryl recently also proposed [14] [15] [16] that the water undergoes quantum tunneling, these data were subjected to complex treatment to extract energies and intensities of the excitations, and the reported transitions at 1.33 and 3.21 meV are inconsistent with the INS data, which are sensitive primarily to the motion of individual hydrogen atoms.
INS spectra of water in beryl do not show transitions between the para-and ortho-spin isomer forms of water, which were observed in H 2 O@C 60 endofullerene [12, 13] , where water also demonstrates absence of HB and rotates almost freely, but did not exhibit evidence of tunneling. The absence of the transitions between the para-and ortho-states in the INS spectra of beryl is probably linked to the fact that water is not as free as in the case of fullerenes (it has a dipole moment perpendicular to the c-axis and it occupies 6-fold equivalent positions across the channel).
Further evidence for rotational tunneling of the water in beryl has been obtained from deep inelastic neutron scattering (DINS) measurements of the momentum distribution n(p) of the water protons, collected at the VESUVIO spectrometer, ISIS neutron facility, Rutherford Appleton Laboratory. DINS is INS in the limit of large momentum transfer Q (30-100 Å -1 ), when the neutrons scatter from individual atoms like freely-moving particles scatter from each other [24] . Thus, the DINS spectrum depends only on the momentum distribution, or probability, n(p), that the atom (of mass M) had a particular momentum (p) at the time it was struck by the neutron
At the temperature of the measurement, T = 4.3 K, the protons are substantially in the ground state of the system. If the water molecules undergo rotational tunneling, then n(p) will include oscillations or interference fringes as a function of angle. On the other hand, if the water molecules are statically disordered within the pore channels, then n(p) will be an ensemble average over molecules occupying the six possible positions and no interference fringes will be observed.
DINS measurements were done for two orientations of the beryl crystal: with the c-axis parallel and perpendicular (vertical) to the incoming neutron beam. Both configurations were fitted simultaneously to a single momentum distribution that is the average distribution of the two protons of the water molecule. The fitting procedure makes use of a basis of Hermite polynomials and spherical harmonics [25] . All terms consistent with the 6-fold symmetry of the channel up to the 8 th order Hermite polynomial were kept. In the fitting we took the z-axis to be along the crystal c-axis, and the xy-plane to be perpendicular to z (or parallel to the ab-plane). Figure 2 shows contour plots of n(p) in the xy-and zy-planes. The variation of the momentum width with angle (pink and yellow lines in panel (a)) is a result of the compression and elongation of the covalent bond of the water in the potential of the beryl cage as the molecule rotates. The appearance of the second maximum in the radial direction, dependent on angle, (yellow line), shows that the proton is coherently distributed in the channel, as a consequence of its tunneling between the 6 minima of the beryl cage.
The anisotropy of the binding potential of the water protons is also reflected in n(p). The statistical variances of n(p), σ x = 3.66 Å -1 , σ y = 3.61 Å -1 , and σ z = 4.98 Å -1 , show that n(p) is 37% broader in the direction parallel to the c-axis than in the ab-plane, indicating large proton delocalization across the channels, consistent with our INS data [19, 20] . The average kinetic energy E k is proportional to the second moment of n(p) as:
, (4) yielding 106 meV for water protons, which is much smaller than in bulk water (~150 meV). A similar depression of the average kinetic energy (E k = 104 meV) has been observed for water confined within single-walled carbon nanotubes [25] . To underscore this point, one may estimate the E k of water protons by assuming that it is given by the zero-point energies of the intramolecular bending and stretching modes taken as simple harmonic oscillators [26] . Because the energy of the stretching modes of water in beryl (465 meV) is much larger than in bulk water/ice and the energy of the bending modes changes only a little, the use of only intramolecular modes gives E k = 132.5 meV, which is significantly larger than the experimental value 106 meV, and indicates strong delocalization of the proton in the tunneling state of water in beryl. The coherent compression and elongation of the covalent bond of the water molecule leads to a broad spatial distribution of the protons in the radial direction in the ground state. The concomitant narrowing of the momentum distribution is reflected in the reduction in the measured kinetic energy. At the same time, the potential surface related to the covalent bond is nearly harmonic on the energy scale above the ground state. We see, therefore, in the vibrational spectrum, that the stretch mode occurs at the frequency of the free molecule, despite the overall reduction of the kinetic energy in the ground state. The anharmonicity induced in the potential by the interaction with the beryl cage has the effect of changing the excitation energy with the displacement of the oscillator, and leads to an additional broadening of the stretching mode, as observed.
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FIG. 2 (color online)
. Projection of water proton momentum distribution n(p) in beryl onto the xy-and yz-planes, (a) and (b) respectively, obtained from the DINS data. The second maximum in the radial direction (along yellow line in (a)) indicates that the proton is coherently delocalized in the channel, as a consequence of its ground state being coherently distributed (tunneling) between the 6 minima of the beryl potential.
To further elucidate the neutron scattering results on the dynamics of water in beryl, a combination of ab initio density functional theory (DFT) calculations and path integral molecular dynamics (PIMD) simulations was employed (see Supplemental Material [21] ). DFT calculations for sodium-free beryl with water were carried out using the code ABINIT [27] . The computed structure of beryl (see Supplemental Material Fig. S4 [21] ) was found to be in excellent agreement with experiment [22] . The calculated O-H bond distance is 0.949 Å and the H-O-H bond angle is 106.9°, the hydrogen atoms are distributed in 6 equivalent positions, and the average H-H vector is oriented around 3.97° relative to c-axis. Ab initio studies reveal that the water oxygen is also dynamically disordered and can be positioned in multiple sites, giving rise to multiple ground states. Typical water oxygen in-plane distortions of fractional coordinates are about (0, 0.022, 0.25), i.e. ~0.2 Å from the center of the channel.
DFT calculations show that in the equilibrium (static) state neglecting quantum fluctuations the potential barrier for water rotation around the c-axis is rather large (about 176 meV, see Supplemental Material Fig. S5 [21] ). Vibrations of the beryl cage, however, allow adiabatic coincidence states for some phonon modes in the vicinity of zone center and a zone boundary, where the barriers are significantly lowered (down to 48-56 meV). The eigenvectors of these phonon modes typically involve beryl framework rotations. A zone center configuration with minimum energy for rotation was used as a starting adiabatic "coincidence" configuration for PIMD simulations [28] [29] [30] [31] . The calculated charge density of water shows delocalization of protons ( Fig. 3(a) ) over a hexagonal ring that spatially extends to a width of around 1.2 Å, which is evidence of water tunneling (phonon assisted tunneling). The oxygen map also reveals reasonably large distribution of the oxygen atom. Similar broadening of the electronic density of states due to proton delocalization in bulk liquid water has also been reported in Ref. 31 .
The rotational energies and tunneling splittings are calculated from an effective one dimensional adiabatic potential with 6-fold symmetry for rotation of water molecule around the c-axis (see Supplemental Material Table SI [21] ). The calculated tunneling peaks are at about 2.7, 10.1 and 16.7 meV and the first two peaks are double-degenerate. Delocalization yields distortions from 6-fold symmetry, which can be seen as the skewing and asymmetry in the calculated proton density (Fig. 3(a) ). Interestingly, the difference-Fourier map of the proton density obtained in a neutron diffraction experiment (see Fig. 2 in Ref. 22 ) also reveals some asymmetry. Symmetry lowering distortions remove the degeneracies in the energy levels, in agreement with split tunneling peaks at 1.49 and 1.63 meV, and 7.9 and 8.4 meV observed in INS data, and could also result in appearing of additional tunneling peaks. The averaged expected error of our calculated ground state levels due to alteration of the moment of inertia and barrier height values was estimated using computed lower and upper bounds for barrier heights and moment of inertia, and is about ±1.4 meV. Therefore, the calculated tunneling peaks with an expected spread of about ±1.4 meV are in reasonable agreement with INS data. The present work has shown, using neutron scattering methods and ab initio simulations, that water in the channels in the beryl structure tunnels between the six symmetrically-equivalent positions around the c-axis. This presents a new state of the water molecule, having an anomalously small proton kinetic energy due to spatial delocalization. The observed tunneling state of water in beryl is rather unusual, compared to other known examples of rotational tunneling of molecules, e.g., methyl and ammonia groups [18] , where the tunneling and localized (non-tunneling) molecules look unchanged (except for overlapping of the corresponding proton wave-functions in the tunneling state, there is no difference between these molecules, because all constitute protons occupy the same positions). In the case of water in beryl, however, water protons in the tunneling state occupy different positions compared to the non-tunneling molecule: the center of gravity of the water molecule and its dipole moment are, therefore, modified by the tunneling. Due to the observation of multiple tunneling peaks in the INS spectra and the coherent delocalization of protons identified from the DINS data, we consider that
